Context: Heterozygous mutations in the aggrecan gene (ACAN) cause autosomal dominant short stature with accelerated skeletal maturation.
confirmed using whole-exome sequencing, targeted next-generation sequencing, and/or Sanger sequencing. Clinical information was collected from the medical records.
Results: Identified ACAN variants showed perfect cosegregation with phenotype. Adult individuals had mildly disproportionate short stature [median height, 22.8 standard deviation score (SDS); range, 25.9 to 20.9] and a history of early growth cessation. The condition was frequently associated with early-onset osteoarthritis (12 families) and intervertebral disc disease (9 families). No apparent genotype-phenotype correlation was found between the type of ACAN mutation and the presence of joint complaints. Childhood height was less affected (median height, 22.0 SDS; range, 24.2 to 20.6). Most children with ACAN mutations had advanced bone age (bone age 2 chronologic age; median, +1.3 years; range, +0.0 to +3.7 years). Nineteen individuals had received growth hormone therapy with some evidence of increased growth velocity.
Conclusions: Heterozygous ACAN mutations result in a phenotypic spectrum ranging from mild and proportionate short stature to a mild skeletal dysplasia with disproportionate short stature and brachydactyly. Many affected individuals developed early-onset osteoarthritis and degenerative disc disease, suggesting dysfunction of the articular cartilage and intervertebral disc cartilage. Additional studies are needed to determine the optimal treatment strategy for these patients. L ongitudinal bone growth occurs at the growth plate and is the result of proliferation, hypertrophy, and matrix production by chondrocytes. This process, chondrogenesis, requires that growth plate chondrocytes integrate a complex network of signals from endocrine and paracrine systems and inputs from cell-cell and cell-matrix interactions. Consequently, growth failure can be caused by mutations in any 1 of the many genes that directly or indirectly affect the growth plate chondrocytes and the process of growth plate chondrogenesis (1) . It is thus not surprising that the molecular cause of short stature remains undiagnosed in a large fraction of affected children. Recent implementation of exome sequence analysis, however, has started to identify genetic diagnoses in subgroups of patients with idiopathic short stature, including heterozygous mutations in the aggrecan gene (ACAN) causing autosomal dominant short stature with advanced bone age (BA) (2, 3) . ACAN mutations are sometimes associated with early-onset osteoarthritis (OA) but no, or only minor, skeletal findings suggestive of skeletal dysplasia (2) (3) (4) .
Aggrecan is a proteoglycan and important component of extracellular matrix, critical to the structure and function of growth plate cartilage and other cartilaginous tissues (5) . The aggrecan core protein consists of a large, centrally located glycosaminoglycan attachment region flanked by 2 N-terminal and 1 C-terminal globular domains (G1 to G3; Fig. 1 ). Aggrecan forms large proteoglycan aggregates by interaction of the G1 domain with hyaluronan and cartilage link protein. The G2 domain is highly conserved during evolution, but its biological function is so far unknown. In contrast, the G3 domain contains a C-type lectin-binding domain (CLD) critical to the interaction with other extracellular proteoglycans, including tenascins and fibulins (4, 6) (Fig. 1 ).
Since our 2014 report of heterozygous ACAN mutations in patients with short stature and advanced BA (2), multiple new families with this condition have been identified. To better characterize the phenotypic spectrum, associated conditions, and response to growth-promoting therapies in individuals with heterozygous ACAN mutations, an international cohort of 103 individuals from 20 different families with heterozygous ACAN mutations has been assembled and are reported in the present study.
Patients and Methods

Subjects
The institutional review board of Cincinnati Children's Medical Center (Cincinnati, OH), the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health (Bethesda, MD), Charles University in Prague and University Hospital in Motol (Prague, Czech Republic), Hospital Universitario La Paz (Madrid, Spain), and regional ethical review board of Umeå University (Umeå, Sweden) and Karolinska Institutet (Stockholm, Sweden) approved the present study. All the participants or their legal guardians provided written informed consent. All the subjects' height and weight data were plotted on the Centers for Disease Control and Prevention growth charts (7), and z-scores for height, weight, and sitting height index (SHI) were calculated using the Third National Health and Nutrition Examination Survey growth data (8) . The clinical information was collected on a standardized data form (Supplemental Table 1 ) for all subjects. Birth length, birth weight, and head circumference were plotted according to the subject's week of gestation or age (7, 9) . The evaluation of puberty was assessed according to the methods described by Marshall and Tanner (10, 11) , and BA was assessed according to the method of Greulich and press.endocrine.org/journal/jcem(family 5) with early-onset OA and disproportional short stature (4, 13) have been previously reported.
Sequencing
ACAN (MIM 155760, NM_013227.3) is located on chromosome 15q26 and encodes aggrecan, which contains 2530 amino acids with a calculated mass of 254 kDa (14) (Fig. 1) . The ACAN mutations in families 1 to 5 were previously identified by either exome sequencing or linkage analysis (2-4). The proband of family 6 presented with short stature and early-onset OA and was found to be a carrier of the same mutation as the affected members in family 5. The DNA of additional members of family 6 was subsequently sequenced, confirming that the mutation cosegregated with the FOD phenotype (4, 13) . Additional families were identified by Sanger sequencing, exome sequencing, or by targeted next-generation sequencing at various clinical and research laboratories around the world. All candidate variants were confirmed via Sanger sequencing and were shown to segregate with the skeletal phenotype in all available family members.
Variant analysis
None of the variants reported were present in the Exome Aggregation Consortium database. All 7 missense variants were predicted to be damaging by all 4 in silico prediction tools, CADD (complete annotation dependent depletion; available at http://cadd.gs.washington.edu/), SIFT (scale-invariant feature transform), PolyPhen, and MutationTaster (15) . The level of conservation of the affected amino acids was determined using GerpN. Protein function was summarized using information found in the UniProt database (available at www.uniprot.org; NP_037359.3).
Results
Cohort characteristics
In total, 103 mutation-positive individuals (57 females, 46 males) from 20 different families with dominantly inherited short stature were identified and included in the present study. Their age ranged from 1. were identified in pediatric endocrine or genetics clinics and had been evaluated for short stature with normal endocrine evaluation results and no or only subtle findings on skeletal studies, except for advanced BA. Two of the probands (families 13 and 16) were evaluated for skeletal dysplasia soon after birth. The proband of family 13, owing to prenatally identified proportionate short stature and facial dysmorphism (frontal bossing, midface hypoplasia, anteverted ears, brachydactyly), and the proband of family 16 was identified because of short limbs at birth. Aggrecan consists of a core protein, including 3 globular domains (G1 to G3), with the G3 domain including a C-type lectin-binding (CLD) multifunctional domain, plus 4 interglobular domains, a keratan-sulfate (KS), and 2 chondroitin-sulfate (CS1, CS2) attachment domains. The G1 region is encoded by exons 3 to 6, the interglobular domain region by exon 7, the G2 region by exons 8 to 10, the glycosaminoglycan (GAG; KS-CS1-CS2) attachment region by exons 11 to 12, and the G3 region by exons 13 to 19. The tabular data show the location of the sequence variant found in each family and the predicted change in amino acid sequence. The mutation in family 2 involved a splice site. The asterisk indicates a stop codon; and the red font, families with joint disease. fs, frame shift.
ACAN variants
We identified 19 different ACAN mutations (11 truncating, 7 missense, 1 splice site) in the 20 different pedigrees ( Fig. 1; Supplemental Fig. 1) . Five of the pathogenic sequence variants have been reported previously (2) (3) (4) 13) . In silico analysis predicted that all 7 missense variants were deleterious (Supplemental Table 2 ). A second family with FOD due to the p.Val2417Met mutation (4) (family 6) was identified and likely represented a branch of the original FOD family (4) (family 5), because they originated from the same region in northern Sweden. The identified mutations were widely scattered over the gene (Fig. 1) .
Heterozygous ACAN mutations affect linear growth and cause adult short stature Of 33 children, 32 were born at full term. At birth, the affected children tended to have a birth weight SDS and birth length SDS in the lower part of the normal range [median birth weight (n = 29), 20.7 SDS; range, 24.1 to 0.5 SDS; median birth length (n = 29), 21.5 SDS; range, 23.8 to 1.1 SDS; Fig. 3 ].
During childhood [age ,10 years (n = 26), 14 females, 12 males], short stature was more pronounced, with heights ranging from low-normal to substantially short [median height (n = 25), 22.0 SDS; range, 24.0 to 20.6 SDS; Figs. 3 and 4; Supplemental Fig. 2 ]. Children were also mostly proportionate, with a SHI SDS in the upper part of the normal range [6 of 9 children SHI within 6 2 SDS; median SHI (n = 9), 1.6 SDS; range, 20.3 to 2.7 SDS]. During childhood, the arm span was similar to the height [median arm span 2 height (n = 9), 20.6 cm; range, 25.1 to 5.8 cm].
Of 31 children with heterozygous ACAN mutations, 20 presented with a BA that was .12 months advanced, and no child had delayed BA [BA 2 chronological age; median (n = 31), +1.3 years; range, +0.0 to +3.7 years; Fig. 5 ].
Children in 6 families (families 1, 4, 12, 15, 18, and 20) had markedly advanced skeletal maturation (BA, 3 to 4 years advanced); however, the children in the other 14 families had normal or modestly advanced BA (BA, 0 to 2 years advanced; Fig. 5 ). This relative advancement of BA appears to reflect decreased remaining growth potential as evidenced by the history of early growth cessation in subjects [median age of growth cessation (n = 23), 12 years; range, 9 to 16 years] and/or decreased pubertal growth spurts (Fig. 4) . In this cohort, no child presented with delayed BA. This is very different from the cohorts of patients with idiopathic short stature in which average BA delays of $2 years have been reported (16, 17) .
Consequently, most adult individuals had a more obvious phenotype with short stature [median height (n = 62), 22.9 SDS; range, 25.9 to 20.9 SDS; Figs. 3 and 4] and often with some disproportion. Males (n = 24) and females (n = 38) had a similar degree of growth failure 
Other skeletal features
In some families, the mutations were associated with mild midface hypoplasia and flat nasal bridge (8 of 20 families; Supplemental Fig. 3) , and young children in 2 families were noted to have frontal bossing (families 16 and 18) .
The growth of the hands varied. Brachydactyly was reported in 5 of 20 families. In 4 of these families, the affected individuals also had notably short thumbs (Supplemental Fig. 3 ). Complete skeletal surveys were performed on 8 individuals with no or only subtle signs of skeletal dysplasia noted (Supplemental Fig. 4 ).
Early-onset OA and osteochondritis dissecans
Heterozygous ACAN mutations can also affect the articular cartilage (4, 19) . In our cohort, early-onset OA was reported in 12 (families 3, 5 to 9, 11, 12, 14, 16, 19, 20) of 20 families, with knee pain the most commonly reported complaint (7 children and 34 adults), except for short stature and commonly started in late adolescence. In these families, severe OA was established during the second and fourth decade of life. Penetrance appeared to be complete but with a variable degree of severity among the families. The knees were the most commonly affected joints, but other joints were also affected (4, 13). The joint disease was associated with missense, truncating, and nonsense mutations located in various regions of the gene (Fig. 1) . Thus, in this cohort of 20 families, no correlation was no evident between the presence or absence of joint disease and either the domain in which the mutation occurred or the type of mutation. In some families (families 3, 5, and 6), the ACAN mutations were associated with osteochondritis dissecans (OD) (4, 13, 20) . In these families, the 2 ACAN mutations occurred in the CLD region.
Intervertebral disc disease
Aggrecan is a major proteoglycan of the cartilaginous intervertebral discs, and its degradation has been suggested to be an important pathogenic mechanism in intervertebral disc degenerative disease (21) . Back pain was also a common complaint in affected adult individuals of 11 families (families 1, 5 to 9, 12, 15, 16, 19, and 20) , who reported back problems with confirmed disc disease or symptoms suspicious for intervertebral disc disease (3 children and 14 adults). Symptoms of back problems typically started later than the joint disease, with symptoms beginning in the fourth and fifth decade of life and commonly progressing to severe disease with neurologic symptoms often requiring surgical intervention. However, 2 sisters from family 20 presented with symptoms in the first and second decade of life.
Treatment of short stature
In total, 14 children from 8 families had received growth hormone (GH) treatment of short stature (8 females, 6 males) at 1 of 3 different doses: 30 mg/kg/d (4 individuals), 43 mg/kg/d (9 individuals), and 50 mg/kg/d (1 individual). In addition, 5 adult individuals had previously received GH treatment of short stature. The average height SDS of these 5 GH-treated adult individuals was 22.5 and that of untreated adult individuals (n = 65) was 23.0 SDS. Longitudinal growth data were available for the 14 children treated with GH for $12 months, including growth data after 2 (n = 3) and 3 (n = 3) years in some individuals. During GH treatment, the height SDS increased on average by +0.4, +0.7, and +1.0 SDS during the first year, the first 2 years, and the first 3 years of treatment, respectively (Fig. 6) . In addition to GH treatment, 5 subjects had received treatment with gonadotropin-releasing hormone analogs (4 females, 1 male; families 3, 5, 8, and 20; Fig. 6 ) to delay BA progression and thereby increase adult height. BA radiographs were available before and after the beginning of treatment in 2 individuals. During treatment, BA progression was halted (0 years of progression/chronological year) during 9 and 22 months of gonadotropin-releasing hormone analog treatment, respectively. Thus, treatment appeared to halt BA progression. In addition, 1 male patient had received treatment with GH and an aromatase inhibitor (letrozole; family 1) for 11 months. During letrozole treatment, BA progression was halted (Fig. 6) . Moreover, no adverse events or serious side effects from the treatments, including no new or worsened joint pain, were recorded for any of the patients.
Discussion
We present the clinical characterization of a large international cohort of patients with 19 heterozygous press.endocrine.org/journal/jcemACAN mutations, including 103 mutation-positive individuals from 20 families (Supplemental Fig. 1 ). Our study results greatly widen the genotypic and phenotypic spectrum of ACAN deficiency, demonstrating a lack of a simple genotype/phenotype correlation with regard to joint disease, and better defining the associated comorbidities and the natural history and response to growthpromoting therapies (2, 3) . The probands of all 20 families presented with autosomal dominant short stature and, in most cases, no or only subtle indications of chondrodysplasia. Affected individuals typically manifested mildly disproportionate short stature, often with advanced BA, a family history of early growth cessation, and/or a family history of earlyonset OA (2, 3, (22) (23) (24) .
In each family, a rare, nonsynonymous ACAN variant predicted to perturb protein function was identified by Sanger sequencing of ACAN, targeted next-generation sequencing, or exome sequencing with confirmation by Sanger sequencing. In each family, the rare variant cosegregated perfectly with the phenotype (Fig. 2 ; Supplemental Fig. 1 ; Supplemental Table 2 ). The variants were spread throughout the gene and included truncating, splice site, and missense variants, and included both missense and truncating variants in the G1, chondroitin sulfate attachment region, and G3 domains, and truncating variants in the G2 domain ( Fig. 1) (6) , thus greatly broadening the spectrum of the 7 previously published ACAN mutations (2, 3, 19, (25) (26) (27) .
All the current and previously reported heterozygous aggrecan mutations cause adult short stature of similar severity (2, 3, 13, 19, 26) . In addition, the variation in adult height in our cohort was similar to the adult height variation in the general population. Taken together, these findings suggest that different disease-causing heterozygous ACAN variants impair growth plate chondrogenesis similarly, which, in turn, suggests a common mechanism. Therefore, it is likely that the impairment of growth plate chondrogenesis is due to functional haploinsufficiency of aggrecan, rather than different mutation-specific mechanisms (25) .
Before the present report, early-onset OA due to heterozygous ACAN mutations, including 1 truncating mutation in the chondroitin-sulfate domain and 2 missense mutations in the G3 lectin-binding domain, had been reported in 3 of 7 families (2, 4, 13, 19) . In the present study, we report 12 families with 11 mutations associated with early-onset OA. Two of the 11 mutations associated with early-onset OA had been reported previously and 9 of the mutations have not been previously reported (2, 4) . New mutations associated with early-onset OA include early truncating mutations in the G1 and G2 domains and missense mutations in the G1 and chondroitinsulfate 1 domains (Fig. 1) . Mutations not associated with early-onset OA also include early and late truncating mutations and missense mutations involving different regions of the protein. Therefore, no obvious genotype-phenotype correlation for early-onset OA could be detected in the present study, suggesting that additional genetic and environmental factors might ay modify the susceptibility to OA development caused by pathogenic gene variants in ACAN. Moreover, OA was common in adult individuals (53%) and children (21%) with heterozygous ACAN mutations and usually established well before 40 years of age. This is different from the general population, in which OA prevalence is very low, at approximately 0.04% in children (age ,18 years), remains low until the mid-30s, and then increases rapidly, such that approximately 33% of the population aged .65 years are affected (28) (29) (30) (31) . Radiologic signs of OD have to date only been detected in individuals with missense mutations in the CLD. Whether OD also occurs in individuals with truncating mutations and missense mutations in other domains remains to be determined.
In our cohort, the affected individuals of several families also reported early-onset intervertebral disc disease that often caused neurologic symptoms and required surgical intervention. This finding is consistent with aggrecan being the major proteoglycan component of the intervertebral disc and loss of aggrecan being an important pathogenic mechanism for degenerative disc disease (21) .
Several of the affected children were treated with GH for short stature. We also compared previously GH-treated and non-GH-treated adult individuals and calculated the change in height SDS during treatment. Both of these observations suggest a modest response to GH, with a magnitude similar to that seen with GH treatment of idiopathic short stature (32, 33) . However, to rigorously assess the efficacy and safety of GHs for the treatment of children with short stature due to ACAN mutations, a randomized controlled trial would be required.
In summary, we report 20 families with heterozygous variants in ACAN associated with short stature, advanced BA, variable mild dysmorphic features, earlyonset OA, and degenerative disc disease. The findings from the families indicate that heterozygous ACAN mutations sometimes present to the clinician as evident skeletal dysplasia or with early-onset OA but more often as autosomal dominant short stature with normal or advanced BA and early growth cessation despite normally timed puberty. Our findings greatly increase the number of reported families with ACAN mutations and suggest that heterozygous ACAN mutations often cause early-onset OA and intervertebral disc disease and that heterozygous ACAN mutations might be relatively common in families with autosomal dominant short stature with accelerated skeletal maturation and early growth cessation. 
